Current information processing and computation as well as communication technologies rely solely on the carrier's charge in semiconductor materials. Recently, a new rapidly growing research field, called spintronics, has been triggered by the first proposal of the so-called spin transistor by Datta and Das in 1990.
1 Spintronics aims to exploit the concept of using the carrier spin in semiconductor materials to encode information. This concept would lead to producing novel devices with new unique functionalities and improved device performance in comparison to their conventional counterparts.
2-4 Thus, practically successful spintronics will open the door for spin-based quantum information technologies based on this concept. [5] [6] [7] Spin optoelectronics as a branch of spintronics in particular, has been a subject of very active research in order to develop spin-polarized light sources such as spin-polarized light emitting diodes (spin-LEDs) and spin-polarized lasers (spin-lasers). 8, 9 In spin-polarized devices, unequal spin-up and spin-down carrier populations are generated by either circularly polarized photoexcitation or electrical spin current injection into the active region. This results in an emission with one preferred polarization, either Right (RCP) or Left (LCP) Circularly Polarized, since population inversion only occurs in one spin state. In other words, circularly polarized output can be generated by converting the angular momentum information of the spin of carriers to the emitted photons. This occurs according to the optical quantum selection rules where the total spin angular momentum of carriers has to be equal to the angular momentum of the photons.
Spin-LEDs have already been demonstrated with electrical spin injection via magnetic contacts. [10] [11] [12] Moreover, spin injection efficiency up to 32% at room temperature has been demonstrated in LEDs using a tunnel injector with a 5T magnetic field. 13 From a practical point of view, spin-LEDs are more attractive for applications if they operate at room temperature and preferably without the need for large external magnetic fields. On the other hand, spin-polarized lasers are expected to offer a number of advantages over their spin-LED counterparts. In particular, because of their cavity and active region configuration, vertical cavity surface emitting lasers (VCSELs) have modal, polarization, and dynamic properties that do not exist in LEDs and are significantly different from those in edge-emitting lasers.
14 Since the aforementioned optical selection rule is only valid for device geometries where light emission is perpendicular to the plane of the active region (and the substrate on which it was grown), 15, 16 it follows that vertical cavity devices (VCSELs and VECSELs) are the most suitable candidates for spinpolarized lasers.
Spin VCSELs offer a number of advantages including, among those already mentioned, control of the output polarization [17] [18] [19] [20] and chirp 21, 22 as well as increased modulation bandwidth. [23] [24] [25] [26] Threshold reduction is also one of the first predicted and observed characteristics of spin-VCSELs. 23, [27] [28] [29] Furthermore, these lasers provide ultrafast dynamics 30 and enhanced emission intensities. 31, 32 The attributes of spinVCSELs offer the potential for new applications such as reconfigurable optical interconnects, spin-dependent switches for optical telecommunications, quantum information processing and data storage, quantum computing, bandwidth enhancement, high speed modulators, cryptography of optical communication, circular dichroism spectroscopy, biological structure studies, biomedical sensing, and advanced optical devices. 8, 15 Spin-polarized VCSELs have previously been demonstrated at short wavelengths either electrically driven via spin-polarized current into quantum dot (QD) 29, 32, 33 and quantum well (QW) 34, 35 active regions or optically by optically pumping a QW 18, 20, 27, 28, 36, 37 or bulk 17 VCSEL. In contrast, at telecoms wavelengths, we are only aware of one recent report of a 1300 nm optically pumped QW spin-VCSEL at room temperature. 20 Herein, we demonstrate a QD-based spin-Vertical-External-Cavity Surface-Emitting Laser (spin-VECSEL) emitting at 1300 nm and operating at room temperature under continuous wave (CW) optical pumping. An optically pumped QW spin-VECSEL has been demonstrated very recently at the shorter wavelength of 980 nm using a very complicated external cavity configuration in order to compensate for the residual linear birefringence in the structure. 38 In the present contribution, we use a different approach for the external cavity design by employing a high reflection (HR)-coated fiber as the top mirror, similar to the cavity configuration reported in Refs. [39] [40] [41] [42] . The use of an external cavity configuration introduces distinctive characteristics, as detailed in Ref. 43 , and with the inclusion of QD gain materials which contribute their own attractive merits such as high gain, low operating threshold and broad gain bandwidth, 44, 45 this promises to offer further enhancements in performance and functionality.
The design of a VECSEL, also known as a semiconductor disk laser, usually comprises a half-cavity VCSEL which includes an active medium formed on top of a Distributed Bragg Reflector (DBR) having a very high reflectivity near the emission wavelength. The external cavity is formed by the addition of one or more dielectric mirrors as required, and the gain medium is usually driven optically by another pump laser. For clarity, in the following, we refer to the grown structure as a half-cavity VCSEL and when coupled with the external reflector a VECSEL. The semiconductor structure of the device used in this work comprises of a monolithic QD active region with a DBR. Both were grown on a semi-insulating GaAs substrate by molecular beam epitaxy. The half-cavity VCSEL consists of 25 pairs of AlAs/GaAs forming the bottom DBR stack with a reflectivity above 99.9% for operation at 1290 nm. The majority of the active region is GaAs, and it consists of 15 InAs/In 0.12 Ga 0.88 As dot-in-a-well (DWELL)-capped layers arranged in groups of 3 placed approximately at the antinodes of the intracavity standing-wave of the electrical field for increased optical gain. Each InGaAs capping layer is only 6 nm thick. The InAs QD density in the active region, measured by atomic force microscopy, for an uncapped QD layer grown under similar conditions as the layers in the half-cavity sample was $4 Â 10 10 cm À2 . A similar structure has been reported in Ref. 46 , but the one used here has 2 extra groups of DWELL layers.
Figure 1(a) shows the room temperature, normal incidence photoluminescence (PL) and normalized reflectivity signal obtained from the half-cavity VCSEL using an Accent PL mapping system. The PL peak wavelength and lineshape is determined by the cavity resonance but reference samples with QDs grown under the same conditions without an underlying DBR also show a ground state PL peak at 1290 nm.
Figure 1(b) shows a room temperature PL-excitation (PLE) spectrum obtained from the half-cavity sample. The spectrum was obtained using quasi-monochromatic excitation from a 150 W tungsten halogen lamp dispersed by a monochromator with the detection wavelength set to the peak of the quantum dot ground state PL emission at 1290 nm. Peaks at 900-1000 nm are attributed to absorption in the wetting layer/InGaAs cap, and most of the features >1000 nm correspond to peaks in the reflectivity of the DBR, as also shown in Figure 1(b) . The increased intensity from wetting layer/ InGaAs cap peaks compared to dot peaks is due to the increased absorption in the 2D states. The peak due to GaAs absorption at the short wavelength side has a lower energy, and this might be due to cavity effects or reduced excitation power at these wavelengths. The PLE spectrum demonstrates that optical pumping of the half-cavity VCSEL structure at 980 nm is likely to be resonant with the wetting layer/InGaAs cap states. It should be noted that the measured PL/PLE is spin-independent since they were measured on a different experimental set-up without polarization optics in order to determine what part of the structure would be pumped by the 980 nm pump laser in the laser set-up.
The external microcavity of the QD spin-VECSEL was formed by bringing an HR-coated optical fiber, acting as the top mirror (see the inset in Fig. 2 ), in close proximity ($lm) to the sample using a piezo-electric translation stage. The mode field diameter of the HR-coated fiber is typically $6 lm with reflectivity of 99.8% at 1300 nm and nominally anti-reflective 0.3% at the pump wavelength of 980 nm.
The experimental setup used to achieve the 1300 nm optically pumped QD spin-VECSEL is shown in Fig. 2 . The QD half-VCSEL sample was pasted on a silicon wafer and held on a customized temperature-controlled copper mount which was maintained at room temperature (293 K). The mounting bracket was attached to one side of a 3-axes piezoelectric translation stage. The sample was optically pumped at the long-wavelength side of the peak of Fig. 1(b) (which is attributed to the absorption in the InGaAs cap) by a commercial 980 nm pump laser. The latter was connected to an isolator to prevent back reflections. A polarization controller was connected after the isolator to control the polarization of the pump. A 90/10 optical coupler directed 10% of the optical pump to a power meter to monitor the CW pump power while the remaining 90% of the pump was focused onto the sample using the HR coated fiber. The latter was held close to the sample by a fiber holder also attached to the 3-axes piezo-electric translation stage. The fiber served to both form the external cavity of the spin-VECSEL and to collect the sample's output at 1300 nm. By adjusting the external cavity length via the 3-axis translation stage, wavelength matching between the optical gain and the cavity modes could be achieved.
In operation, a proportion of the pump and the spin-VECSEL output propagate through the half-cavity substrate, the silicon wafer, and a window contained in the copper mount to be sampled at the head of a free-space polarimeter. A collimator lens and an interchangeable filter were placed between the copper mount and the polarimeter. The filter was utilized to block either the 980 nm pump or the 1300 nm spin-VCSEL emission as required for the free space measurement. Both fiber collected outputs, the 1300 nm spin-VECSEL's emission plus the 980 nm reflected pump from the sample, pass through the fourth port of the 90/10 coupler to an optical spectrum analyzer (OSA) and an in-line polarimeter via another 90/10 coupler to permit a relative measurement of the VECSEL polarization. In addition, another 1300 nm isolator was used between the two 90/10 couplers to prevent both back reflection from the OSA to the sample and the 980 nm pump light from reaching the in-line polarimeter. The measurements taken via the single mode fiber path in the experimental configuration are subject to polarization change arising from birefringence induced in the fiber through a combination of stress and thermal effects. This was eliminated from the measurements by injecting a reference 1300 nm light source of known polarization into the setup (travelling over the same optical path as the VECSEL light), and measuring its polarization at different points. Checks were made at the beginning and end of each measurement.
Using the experimental setup described above, we report the observation of lasing in a 1300 nm QD-based spin-VECSEL at room temperature under CW optical pumping. Fig. 3 shows experimental output characteristic curve for pumping with RCP light. This figure shows the output power as a function of incident pump power. The threshold is determined to be at a pump power of 11 mW with estimated external cavity length of 2-3 lm. It should be noted that the threshold and efficiency of the device increases and decreases, respectively, when the fiber is moved away from the sample. This might be due to the coupling losses associated with small alignment changes.
Lasing action could be observed at different wavelengths between 1290-1315 nm, depending on the air-gap length between the sample and the interface of the coated fiber, and also the pump beam spot position on the sample. The CW lasing spectrum of the QD spin-VECSEL at a pump power of 90 mW measured at room temperature is shown in the inset in Fig. 3 . The spin-VECSEL showed single mode lasing at 1303 nm with a very clear and narrow peak.
To evaluate the output polarization ellipticity (e) (defined as the ratio of the degree of circular polarization DOCP to the total degree of polarization DOP of the emission of the spin-VECSEL as defined in Eq. (1)), the RCP or LCP input components of pump (g þ ) or (g À ) and the corresponding outputs of the spin-VECSEL (I þ ) and (I À ), respectively, were detected and analyzed using the free space and in-line polarimeters 
Experimentally, Stokes vector elements {S0, S1, S2, S3} can be measured by the polarimeter and the value of the output polarization ellipticity (e) is calculated from these elements. Fig. 4 depicts the output polarization ellipticity (e) as a function of the pump polarization (P), defined in Eq. (2), at pump of 60 mW and estimated external cavity length of 5-6 lm. It shows that the polarization ellipticity (e) of the VECSEL follows that of the pump (P) but with inverted sign. When manually changing the pump polarization from right to left circular polarization or vice-versa, a corresponding switch from left to right circular polarization of the VECSEL occurred. This confirms spin polarized injection into the active region of the device. Similar behavior has been reported by Hovel et al., 19 and it has been attributed to the reflection geometry. In contrast, since our VECSEL emits in the orthogonal mode under linearly polarized pumping (equivalent to electrical current biasing), by analogy it should emit in the orthogonal circularly polarized mode with respect to the polarization of the pump. We attribute this to the combined effects of the birefringence and dichroism parameters of the device material.
However, it should be mentioned that there are some regions of the sample where, when the HR fiber is nearer the sample, the output polarization ellipticity (e) of the spin-VECSEL switches gradually to the same sign as that of the pump. Such a positional change leads to variations in the spatial profile of the optical pump beam at the wafer surface as well as a change in the cavity. While we see greater sensitivity as the spot is moved away from the heatsink, suggestive of local thermally induced changes in birefringence, further work would be needed to confirm the root cause factors. In these regions, the output polarization ellipticity (e) follows that of the pump with the same sign as shown in Fig.  5 which was measured at the same pump power but with shorter external cavity length of 1-2 lm.
This figure also reveals that the degree of output polarization (between 0.1-0.6) is higher than the polarization degree of the pump which demonstrates spin amplification. Our results show that, when pumped CW well above threshold, ellipticities up to 0.84 and 0.73 could be achieved with inverted and normal sign, respectively, with respect to that of the pump. The difference between the degrees of ellipticity in the two cases is suggestive of gradual polarization switching caused by the effects mentioned earlier. However, understanding the differences between different trends in Figs. 4 and 5 will be the subject of future work by conducting further spectroscopic studies of the spin-VECSEL.
The controllability of the output polarization ellipticity by that of the pump is a well-known feature of spinpolarized lasers. It has been previously reported for pulsed operation 37 with degrees of circular polarization close to unity and for continuous excitation at short 18, 38 and long 20 wavelengths. The DOCP under CW operation is usually lower than under pulsed excitation due to sample heating caused by the continuous pumping. Using an external cavity formed by employing an HR-coated fiber as the top mirror, we have demonstrated an optically pumped InAs/InGaAs QD-based spin-VECSEL operating at the important wavelength of 1300 nm. Circularly polarized lasing under CW optical spin injection is shown at room temperature with pump threshold of 11 mW. We have analyzed the dependence of the output polarization ellipticity (e) of the spin-VECSEL on that of the pump (P). Our results reveal that the output polarization ellipticity of the spin-VECSEL emission can exhibit either the same handedness as that of the pump polarization or the opposite, depending on the experimental operating conditions.
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FIG. 5.
Normal spin-VECSEL output polarization ellipticity (e) as a function of the polarization ellipticity of the CW pump (P).
